Abstract: I examined the relationships between individual and stand-level characteristics of white spruce, Picea glauca (Moench) Voss, and the incidence of spruce beetle, Dendroctonus rufipennis Kirby, induced mortality. The study region, in the Kennicott Valley of the Copper River Basin, Alaska, has contained an active spruce beetle epidemic since 1989. I investigated the relationship among the individual traits of host age, size (diameter at breast height, DBH), and growth rate (basal area increment, BAI) and mortality from the spruce beetle. I also examined the effects of stand density, mean DBH, and mean BAI on percent mortality within plots. Survival was higher for younger, smaller, and fastergrowing trees. However, the effect of age is not significant when included in a logistic regression model examining the effect of individual host traits on host survival. Mortality increased with increasing DBH and decreasing BAI, and there was a significant interaction between DBH and BAI. While the proportion of individuals killed by the spruce beetle significantly differed between stands, I found no significant relationships between stand-level characteristics and mortality rate. This research suggests that the individual traits of host size and growth rate, as well as their interaction are the best predictors of susceptibility to spruce beetle-induced mortality in this system. Résumé : J'ai étudié les relations entre les caractéristiques des individus et des peuplements d'épinette blanche, Picea glauca (Moench) Voss, et l'incidence de la mortalité causée par le dendroctone de l'épinette, Dendroctonus rufipennis Kirby. La zone d'étude, qui est située dans la vallée Kennicott dans le bassin de la rivière Copper, en Alaska, est aux prises depuis 1989 avec une épidémie active du dendroctone de l'épinette. J'ai examiné les relations entre les caracté-ristiques individuelles, telles que l'âge de l'hôte, la dimension (diamètre à hauteur de poitrine, DHP) et le taux de croissance (accroissement en surface terrière), et la mortalité causée par le dendroctone de l'épinette. J'ai aussi étudié les effets de la densité du peuplement, du DHP moyen et de l'accroissement moyen en surface terrière sur le taux de mortalité dans les parcelles. Le taux de survie était plus élevé chez les arbres plus jeunes, plus petits et à croissance plus rapide. Cependant l'âge n'a pas d'effet significatif lorsqu'il est inclus dans un modèle de régression logistique qui teste l'effet des caractéristiques individuelles sur la survie de l'hôte. La mortalité augmentait avec l'augmentation du DHP et la diminution de l'accroissement en surface terrière, et il y avait une interaction significative entre le DHP et l'accroissement en surface terrière. Alors que la proportion d'individus tués par le dendroctone différait significativement d'un peuplement à l'autre, je n'ai trouvé aucune relation significative entre les caractéristiques des peuplements et le taux de mortalité. Cette recherche indique que les caractéristiques individuelles, telles que la dimension de l'hôte et son taux de croissance ainsi que l'interaction entre ces facteurs, sont les meilleures variables pour prédire l'incidence de la mortalité causée par le dendroctone dans ce système.
Introduction
Scolytid beetles are a major stand-replacing disturbance in North American coniferous forests (Stark 1982; Flamm et al. 1988; Raffa 1988) . Examination of the individual and standlevel characteristics predisposing trees to bark beetle attack is of interest for both management of forest resources and understanding natural forest dynamics.
In Alaskan boreal forests, the most important natural causes of tree mortality are fire, flooding, and outbreaks of bark beetles (Viereck 1973; Werner and Holsten 1983; Kasischke and French 1995) . Throughout Alaska, populations of bark beetles reproduce in spruce trees recently killed by other agents (Holsten et al. 1991) . Within stands, in most years, bark beetles kill few trees, but extremely high rates of mortality occur during periods of epidemic infestations, when bark beetles mass-attack host individuals. In Alaska, the most damaging species is the spruce beetle, Dendroctonus rufipennis Kirby, which attacks white, Sitka, and Lutz spruce (Picea glauca (Moench) Voss, Picea sitchensis (Bong.) Carrière, and Picea lutzii Little, respectively) (Holsten and Werner 1990) .
Historical records provide evidence that spruce beetle outbreaks have occurred throughout the 20th century in areas south of the Alaska Range (Holsten 1990 ). Use of tree ring chronologies also provides evidence of large scale epidemics in the Kenai lowlands back to 1810 (Berg 1998; C. Fastie and E. Berg, unpublished data) . Current outbreaks have infested and killed spruce on approximately 500 000 ha of the Kenai Peninsula since 1969 (Matthews et al. 1997; Wittwer et al. 1998 ) and over 200 000 ha in the Copper River Basin since 1989 (U.S. Forest Service 1998).
Insect herbivores respond to the individual nutritional and defensive traits of their hosts (Cates and Alexander 1982; Raffa and Berryman 1983, 1987; Bernays and Chapman 1994) , as well as population-level attributes of host patches (e.g., density, age structure) (Cromartie 1975; Hard et al. 1983; Hard 1985; Bach 1988a Bach , 1988b Raffa 1988; Lorio 1993; Raffa et al. 1993; Wesser and Allen 1999) . Understanding why some hosts are attacked and others are spared, as well as predicting the magnitude and dynamics of outbreaks will necessarily have to consider processes at both of these scales.
Research aimed at understanding individual host characteristics related to bark beetle susceptibility has emphasized the roles of host species, size (often assumed to correlate with age), growth rate, and phloem thickness (Cates and Alexander 1982) . Many bark beetle species have preferred hosts within their host ranges. The spruce beetle is capable of attacking all species of spruce (Cottrell 1978) and shows no preference for the three host species in Alaska, but was found to have higher brood production in white than in Sitka or Lutz spruce (Holsten and Werner 1990) . Black spruce (Picea mariana (Mill.) BSP) is seldom attacked.
The spruce beetle is generally believed to attack and kill larger diameter trees within forest stands (e.g., Holsten 1984; Wesser and Allen 1999) ; however, some studies now indicate a more complex relationship. When radial growth rate prior to infestation is considered along with tree diameter, some researchers find that it is growth rate rather than size that contributes to risk or that there is a significant interaction of the two factors (Hard et al. 1983; Hard 1985; Van Hees and Holsten 1994) . Werner and Holsten (1985) found no direct relationship between phloem thickness or moisture content and the rate of spruce beetle brood development or survival; however, they note the correlation among lower precipitation, drier phloem, and the lack of spruce beetle outbreaks in interior Alaska. The most robust generalization seems to be that slowly growing trees are at the highest risk of spruce beetle-induced mortality, suggesting that radial growth rate or basal area increment may provide a good proxy for a tree's ability to defend itself against attack.
Population-level characteristics may also influence susceptibility of individuals to attack. High stand density is often correlated with slow growth and increased attack and mortality rates by the spruce beetle (Hard et al. 1983; Hard 1985; Wesser and Allen 1999) . Dense stands are apt to lead to decreases in photosynthesis, which will result in both decreased growth and a decline in production of defensive compounds (Lorio 1993) . Dense stands may also better contain pheromone plumes and result in greater bark beetle aggregation (Lorio 1993; Raffa et al. 1993) . Age and size structure of stands can influence attack rates, with even-aged old stands of large individuals sustaining the highest mortality (Hard et al. 1983 ). Raffa (1988) points out that for Dendroctonus ponderosae, uneven aged stands lead to more frequent but much smaller incidences of tree mortality from the beetle in pockets of older trees.
Most of the research on spruce beetle in Alaska has focused on the Kenai Peninsula epidemic. Examination of host susceptibility in distinct regions with a different climate will help address whether results from the Kenai can be generalized to other Alaskan boreal forests.
Here I report on research done in the Wrangell Mountains of the Copper River Basin, Alaska. While the Kenai Peninsula has a predominantly maritime climate, the Wrangell Mountains are drier and experience the greater temperature extremes typical of a continental climate (Winterberger and Wesser 1999) . A large U.S. National Park Service study of spruce beetle impacts in Wrangell -St. Elias National Park and Preserve indicated that mortality rates were higher in large diameter trees (Wesser and Allen 1999; also see Matsuoka et al. 2001 ) and denser stands (Allen and Fleming 1999) . The current research will add to our understanding of the factors predisposing host individuals and stands to bark beetle damage in the Copper River Basin. Specifically I address (i) the relationships among individual tree age, size, and growth rate; (ii) the effects of these individual traits on susceptibility to spruce beetle-induced mortality; and (iii) the effects of stand density, mean diameter, and mean growth rate on percent mortality caused by the spruce beetle.
Materials and methods

Study site and sampling methods
This study was conducted within Wrangell -St. Elias National Park and Preserve near the base of the Kennicott Glacier (61°N, 143°W). All sampled stands were situated along the west-facing slopes of the valley from 550 to 800 m elevation. Beetles in the Kennicott Valley typically have a 2-year life cycle, although as in other regions, a 1-year cycle is possible in warm sites (Werner and Holsten 1985) .
The forests on these slopes are dominated by white spruce (P. glauca), with only rare individuals of paper birch (Betula papyrifera Marsh.) interspersed. The understory consists of alder (Alnus crispa (Ait.) Pursh) stands, red currants (Ribes triste Pall.), club moss (Lycopodium annotinum L.), ferns (Gymnocarpium dryopteris (L.) Newm.), and isolated patches of bluejoint (Calamagrostis canadensis var. canadensis (Michx.) Beauv.). Loso (1998) found no evidence of stand-replacing fires within my study area. Very sparse, selective cutting for firewood and cabin logs has occurred throughout the study area, but given that study plots contained no more than one cut stump, this has had negligible impact on stand characteristics.
Spruce beetle populations reached epidemic levels in the region in 1989 or 1990 (U.S. Forest Service 1998; P. Doak, unpublished data). The outbreak was still active in the valley in 2002, although the most heavily impacted stands do not appear to be experiencing any new mortality (personal observation).
All research took place at five distinct sites distributed along a 10-km stretch of the east side of the Kennicott Valley (Fig. 1) . In 1998, I censused white spruce in five 20 m radius (1257 m 2 ) plots, one at each of these sites. In 1999, an additional plot of 30 m radius (2827 m 2 ) was added at each of the three northern sites. In each plot, all trees greater than 5 cm diameter at breast height (DBH) were censused. An increment core was taken from each tree and the height of the core above the root crown was recorded; DBH was also measured. Each tree was examined for condition and status of bark beetle attack. If a tree was dead or had exit holes, I inspected it for spruce beetle galleries. Cores were stored in plastic straws with ventilation holes to prevent molding. They were then mounted and sanded before annual rings were counted. When the pith was missed, the distance to the pith was estimated from the curvature of the rings. When cores missed the pith by ≤1 cm, the number of rings to the pith was estimated based on the curvature of the rings and the average ring width of the inner-most rings.
Tree ages were further corrected for the height of the core. I determined tree ages at multiple heights for 10 trees at each of three sites (AZ, BN, NC). I used either cores or cross sections to count rings at from 3 to 11 different heights (ranging from 2 to 200 cm) for each tree. These data were then used for a repeated measures analysis, examining the relationship between age and sample height controlling for individual tree. The model yielded the following relationship: age = ring count + 0.184(height of the core) (r 2 = 0.97). This equation was used to correct for the fact that in the current study, cores were obtained from varying heights. Some trees could not be aged because rot prevented the acquisition of complete cores; therefore, the data set of trees with age estimates is smaller than the data set excluding age.
I measured the last 5 years of radial growth using a sliding bench micrometer with a precision of 0.01 mm. This measurement was then used to calculate the 5-year basal area increment (BAI), BAI = BA t -BA (t-5) , where t refers to time in years.
During the summers of 2000 and 2001, I censused tree density, measured DBH, and assessed bark beetle-induced mortality in seven additional plots of 30 m radius (one plot each at the AZ, BN, and NC sites and two plots at both the PY and SM sites; Fig. 1 ). This allowed for the examination of the relationship between mortality and stand density. All trees that clearly died of causes other than spruce beetle attack were excluded from the analyses.
Data analysis
Data from the eight intensively studied plots were used to examine the relationships between individual characteristics and mortality. A general linear model (PROC GLM, SAS Institute Inc. 1992) was employed to examine whether DBH differed between sites. In this and all other models, residual plots were visually examined to judge whether model assumptions were met.
To examine whether DBH is a good predictor of tree age, I employed a linear mixed model (PROC MIXED, SAS Institute Inc. 1992) to evaluate the relationship among DBH, survival class (surviving vs. dead), and tree age. Next, the effects of age, DBH, and survival class on BAI (BAI was ln transformed to normalize the residuals) were examined, again with the use of a linear mixed model. In both mixed model analyses, site (AZ, BN, NC, PY, and SM) was included as a random covariate.
I used logistic regression (PROC LOGISTIC, SAS Institute Inc. 1992) to examine the influence of site, DBH, age, BAI, and all two-way interactions on the survival probability of individual trees. I used general linear models to examine the effects of site and stand density on mean BAI, mean DBH, and percent spruce beetle-induced mortality. The first analysis includes data from the eight intensively studied stands, and the other two include data from all 15 stands.
Results
Within the eight intensively studied plots, DBH ranged from 5 to 68 cm (28.20 ± 0.43, mean ± SE; n = 427) and age from 50 to 360 years (180 ± 3.49, n = 306). DBH varied significantly between sites (F [4, 422] = 2.94, P = 0.020), although most sites displayed fairly similar size distributions (Fig. 2) .
Considering the subset of trees that could be aged, trees killed by the spruce beetle were slightly older than the surviving trees (F [1, 299] = 10.49, P = 0.001; Fig. 3 ). Age significantly increased with increasing DBH (F [1, 299] = 5.12, P = 0.024); however, there was a great deal of scatter in this relationship (Fig. 3) , making DBH a poor predictor of age.
BAI was significantly higher for surviving trees (F [1,296] = 48.73, P < 0.0001). BAI also significantly increased with DBH (F [1, 296] = 273.69, P < 0.0001) and significantly declined with age (F [1, 296] = 37.73, P < 0.0001; Fig. 4 ). There were no significant interactions among the effects of survival, DBH, and (or) age on BAI.
Survival of individual trees was significantly related to DBH, BAI, the interactions of DBH × site, and DBH × BAI (Tables 1 and 2 ). The logistic model was not significantly improved by the inclusion of age; therefore, I ran the analysis on the full data set (including trees that could not be aged). Large diameter trees and slow growing trees had a higher risk of mortality (Table 1 (Fig. 6a) . Mean DBH significantly differed between sites (F [4, 2] = 227.24, P = 0.004) and significantly decreased with increasing density (F [1, 2] = 515.73, P = 0.002) (Fig. 6b) . Spruce beetle-induced mortality varied significantly between sites (F [4, 9] = 10.21, P = 0.002), but stand density did not have a significant impact (F [1, 9] = 0.44, P = 0.524; Fig. 6c ) nor was there a significant interaction of site × density.
Discussion
Within the study area, spruce beetle caused the highest mortality in large diameter trees with relatively slow growth for their size (Fig. 5) . This result agrees with those for spruce stands on the Kenai Peninsula, Alaska (Hard et al. 1983 ; Holsten 1984; Van Hees and Holsten 1994; Hard 1985) . As is often reported, this study finds that large diameter trees are more susceptible than small diameter trees; however, growth rate and its interaction with DBH are important considerations when evaluating risk of individual attack.
Tree age was not significantly related to mortality, although after correcting for the effects of DBH, surviving trees were older than those that were killed. This result may be confounded by the fact that not all trees could be aged; old trees with rot that precluded determination of age may also have been weakened and more susceptible to spruce beetle attack, leading to deflation of the age estimate of dead trees.
While age and DBH are positively related to each other, they have opposite impacts on BAI. Growth increases with diameter and decreases with age; however, the effect of tree diameter is of much greater magnitude (Fig. 4) . Thus, as trees age and increase in DBH, they generally also increase in BAI.
While both BAI and DBH showed declines with stand density, this did not translate into a significant relationship between stand density and percent spruce beetle-induced mortality in these stands. This may be because BAI and DBH have opposite impacts on susceptibility and are effectively countering each other; dense stands have low mean DBH but also low mean BAI that are related to low and high mortality, respectively.
The differences in mortality level between sites (Fig. 2 ) and the interaction between site and DBH, which impacts individual mortality (Table 1) , both suggest that sites vary in a manner that is significant to the spruce beetle -host interaction. Two major possibilities exist. First, sites may vary in biotic or abiotic conditions that alter the suitability of the site to the spruce beetle and (or) the susceptibility of the trees to beetle attack. For instance, Wesser and Allen (1999) found north-facing aspects to be associated with the lowest mortality rates in the Copper River Basin. In contrast, the second possibility is that the site effect could be due to pat- terns of colonization and spatial spread from an epidemic center. While site-level traits such as slope, aspect, and soil moisture were not recorded in this study, there were no obvious differences between sites in these characteristics, and all sites supported almost pure stands of white spruce with similar size distributions. I think it likely that in addition to any effects of site-level characteristics, the spatial organization of sites will prove important in explaining the pattern of mortality between stands. It is also likely that the pattern seen during this snapshot in time will change somewhat once the epidemic actually ends. The spruce beetle is still active in the area, and mortality rates will certainly increase before the epidemic subsides. Holsten et al. (1995) notes changes in patterns of attack as an epidemic progresses. A definitive conclusion will have to wait until the infestation runs its course within the Kennicott watershed.
In conclusion, studies suggesting that tree diameter is a good indicator of spruce beetle-induced mortality in the Copper River Basin (Wesser and Allen 1999; Matsuoka et al. 2001 ) may be oversimplifying a more complex interaction. Of the factors measured in this study, the individual effects of diameter and BAI and their interaction have the greatest impact on survival. Furthermore, for this system stand density does not appear to be related to rates of spruce beetle-induced mortality. 5 . Expected probability of survival for white spruce trees as a function of diameter at breast height (DBH) and basal area increment (BAI) for (a) the BN site and (b) the SM site. These sites provide examples of the general relationship seen in all study sites (see parameter estimates in Table 2 ). Expected values are from a logistic regression including the following effects: site, DBH, BAI, DBH × site, and DBH × BAI. Fig. 6 . Relationship between white spruce stand density and (a) mean basal area increment (BAI) in each plot (n = 8), (b) mean diameter at breast height (DBH) in each plot (n = 15), and (c) plot-level, spruce beetle-induced mortality (n = 15). Best predicted lines (with intercept averaged across sites) of the response on density are shown in (a) (y = 51.31 -0.064x, r 2 = 0.90) and (b) (y = 33.33 -0.017x; r 2 = 0.78).
